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ABSTRACT. Metallo S-lactamase enzymes confer antibiotic resistance to bacteria by catalyzing the hydrolysis
of p-lactam antibiotics. This relatively new form of resistance is spreading unchallenged as there is a
current lack of potent and selective inhibitors of metgiidactamases. Reported here are the crystal
structures of the native IMP-1 metalfblactamase fronPseudomonas aeruginosad its complex with

a mercaptocarboxylate inhibitor, 2-[5-(1-tetrazolylmethyl)thien-3NAJ2-(mercaptomethyl)-4-(phenyl-
butyrylglycine)]. The structures were determined by molecular replacement, and refined to 3.1 A (native)
and 2.0 A (complex) resolution. Binding of the inhibitor in the active site induces a conformational change
that results in closing of the flap and transforms the active site groove into a tunnel-shaped cavity enclosing
83% of the solvent accessible surface area of the inhibitor. The inhibitor binds in the active site through
interactions with residues that are conserved among mefdéatamases; the inhibitor's carboxylate
group interacts with Lys161, and the main chain amide nitrogen of Asn167. In the “oxyanion hole”, the
amide carbonyl oxygen of the inhibitor interacts through a water molecule with the side chain of Asn167,
the inhibitor’s thiolate bridges the two Zn(ll) ions in the active site displacing the bridging water, and the
phenylbutyryl side chain binds in a hydrophobic pocket (S1) at the base of the flap. The flap is displaced
2.9 A compared to the unbound structure, allowing Trp28 to interact edge-to-face with the inhibitor's
thiophene ring. The similarities between this inhibitor and fhkactam substrates suggest a mode of
substrate binding and the role of the conserved residues in the active site. It appears that the metallo
pB-lactamases bind their substrates by establishing a subset of binding interactions near the catalytic center
with conserved characteristic chemical groups of fwactam substrates. These interactions are
complemented by additional nonspecific binding between the more variable groups in the substrates and
the flexible flap. This unique mode of binding of the mercaptocarboxylate inhibitor in the enzyme active
site provides a binding model for metaliblactamase inhibition with utility for future drug design.

Bacterial resistance to the most common and potent anti- sistance against antibiotics occurs through a variety of mech-
biotics has been rising in recent yeaty Selective pressure  anisms, one of which is the production @flactamases?,
in hospitals and infant- and child-care facilities is selecting 3). f-Lactamases catalyze the hydrolysis of the amide bond
pathogenic microorganisms carrying resistance genes. Reof the -lactam ring to produce the correspondjftgmino
acid devoid of antibacterial activity). Of the four structural
classes offi-lactamasess—7), classes A, C, and D catalyze
FMRX-CT98-0232.

* The atomic coordinates of the native and complex crystal structures thg hydrolysis Oﬁ'IaCtamS using a serlne-dependent r.neCh-
have been deposited in the Protein Data Bank (accession codes 1DD@NISM and proceeding through an acghzyme mtermed@te
and 1DDK, respectively). (8—10). Class B enzymes, the metafidactamases, require
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spectrum carbapenenisy 14). First discovered iBacillus
cereug(12), metallos-lactamase activity has now been found
in several pathogenic species 8acteroides(15—20),
Pseudomona@1, 22, Stenotrophomona@3), Aeromonas
(24), Chryseobacteriuni25), Serratia(26), Klebsiella(27),

and Shigella(28). Unlike the serings-lactamases, metallo
pB-lactamases are not inhibited by the clas8itactamase
inhibitors clavulanic acid, sulbactam, and tazobactam, but
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are inhibited by the metal chelators EDTA aoghhenan-
throline 9). Thiol compounds such as mercaptophenyl
acetate 30), N-(2'-mercaptoethyl)-2-phenylacetamidgl),

or others 82) are competitive inhibitors and presumably bind
through interactions between the inhibitor’s thiolate and the
active site metal(s). Recently, the crystal structures of the
Bacteroides fragilisenzyme in complex with the buffer
morpholinoethane sulfonate (MESY3) and in complex with

a biphenyl tetrazole inhibitor3@) have been reported.
However, potent and selective inhibitors that are useful in
the treatment of bacterial infections are yet to be reported.
The increase in theg3-lactam antibiotic resistance that
parallels the production of metall¢-lactamases in patho-
genic bacteria makes these enzymes an attractive t@get (
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Ficure 1: (Left) Structure of the mercaptocarboxylate inhibitor
showing the atom numbering scheme. The stereochemical config-
uration that produces maximal inhibition of metaffdactamase
activity is Sat C16 and at C27. (Right) Structure of benzylpeni-

One approach to overcoming this emerging resistance mechwiliin. Bonds drawn with bold lines highlight the similarities between

anism would be the design of a metglidactamase inhibitor

to be administered in combination withfadactam antibiotic.
Inhibitors of these enzymes would consequently prolong the
effective lifetime of conventiongd-lactam antibiotics. Such
inhibitors are particularly needed since tifelactamase
inhibitors that are currently used are completely ineffective
against the metallg3-lactamases 13, 14). The greatest

the mercaptocarboxylate inhibitor and the metafldactamase
substrate.

and B. fragilis (46, 47) indicate that these enzymes have
retained the capacity to bind up to 2 mol of metal per mole
of protein. In addition, the crystal structures and the amino
acid sequence alignment [£B37% sequence identity3{)]

progress toward potent, broad-spectrum, and selective metalldndicate that these enzymes have all retained the binuclear
B-lactamase inhibitors has been reported (see the abstract ofetal binding motif. Functionally, however, they have

the American Society for Microbiology, General Meeting,
May 30 to June 3, 1999, Chicago, IL) on a series of
mercaptocarboxylate metalf$rlactamase inhibitors.

The crystal structures of the metalblactamases from
B. cereus(35, 36) and B. fragilis (33, 34, 37, 38) and the
L1 from Stenotrophomonas maltophil{9) show that the
polypeptide chain adopts a fold consisting of four layers (
B—p—a) with a centralg-sandwich and twax-helices on

different metal requirements, and can be divided into three
subgroups. Thd. fragilis and the L1 enzymes have two
high-affinity metal binding sites that are required for cataly-
sis @6). TheB. cereusenzyme also has two metal binding
sites; however, these metals bind with widely different
affinities, 2.4uM and 24 mM @8), and only the high-affinity
site, Zn1, is required for near maximal enzymatic activity
(11). Crystallization at different pHs has yielded crystal

either side. Located at one edge of the sandwich, the activeStructures of theB. cereusenzyme with one33) or two
site has either one or two Zn(ll) ions (Zn1 and Zn2) separated Metals bound 36, 49). The Aeromonasenzyme defines a

by approximately 3.5 A. In the crystal structures of metallo

third functional subgroup. It has one high-affinity zinc

p-lactamases examined thus far, Zn1 is tetrahedrally coor-binding site K4 < 20 nM), and binding of the second, low-
dinated to three histidines and a water molecule (shared@ffinity site inhibits the enzymatic activity with K; of 46

between the metals). When present, Zn2 is coordinated to#M (44). This polymorphism in terms of the metal binding
three residues (a cysteine, a histidine, and an aspartate) an@"d its effect on the catalytic activity of the metallo

two water molecules in a trigonal bipyramid asHeeudomo-
nas aeruginosaB. fragilis, andB. cereusor as in the L1

enzyme to an aspartate, two histidines, and two water mole-

cules. The metal coordination geometry, the metal-to-metal

p-lactamases may represent a rapidly evolving adaptive

mechanism.

Imipenem resistance in clinical isolatesfaeruginosa
can be caused by two different mechanisms, either by

distance, and the presence of the shared water are unchangeeduced permeability combined with overproduction of a

in the presence of MES3) or the biphenyl tetrazole3d),
both shown to be inhibitors of thg. fragilis enzyme. In the
crystal structures of metallg-lactamases that have a bi-

class C sering-lactamase or by the production of the IMP-1
or VIM-1 metallo-lactamaseq7, 50). The IMP-1 enzyme
has been shown to be encoded by both plasmids and

nuclear Zn(ll) center, a water molecule (the shared water, integrons $1), and these highly mobile genetic elements are
also known as the bridging water, or hydroxide) coordinates thought to be responsible for the rapid spread of IMP-1 in
to both metals. By analogy with other binuclear metal clinical isolates from Japan. Recent data on the epidemiology
enzymes that have metal-bridging waters, the activation of of IMP-1 in Japan suggest that this metafidactamase will
the shared water, or hydroxide, provides the nucleophile for probably be the most clinically significant of all the currently
the reaction 40). Presumably, it is the addition of the hy- known metallo 3-lactamases5Q2). Presented here is the
droxide to the carbonyl carbon of the substrate that leads tocrystal structure of the IMP-1 metalf¢rlactamase froni.

the formation of a reaction intermediate that was indepen- aeruginosdree and in complex with a mercaptocarboxylate
dently observed by various investigators using spectroscopicinhibitor, 2-[5-(1-tetrazolylmethyl)thien-3-yIN-[2-(mercap-
methods. Their results suggest that a transient, noncovalentomethyl)-4-(phenylbutyrylglycine)] (Figure 1). The struc-
reaction intermediate is formed during the hydrolysis of the tural similarity between thg-lactams and this inhibitor and

substrate nitrocefin catalyzed by tBe cereug41), the L1
(42), and theB. fragilis (43) enzymes.

Analyses of the metal content of the enzymes from
Aeromonag44), L1 from S. maltophilia(45), B. cereug11),

its interactions with conserved residues in the active site
suggest the mode of binding used by fhkactam substrates.
The structure shows that three critical interactions provide
selective inhibition against metall@-lactamases: binding
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mt(_) a hydrophobic p(_)Cke_t, mtergctmns with a conserved Table 1: X-ray Data Collection and Structure Refinement
lysine, and the metal ion interactions.

Data Collection Statistics

MATERIALS AND METHODS native complex
| | 1]

a=50.1A a=49.3A

Crystallization. The mature IMP-1 metall@-lactamase

i i iNo- i i unit cell dimensions a=50.3 A
from P. aeruginosdacking the 18 amino-terminal residues b—1058A b—518A b=512A

Fhat correqund to 'the §igna| sequence was ove_rexpressed c=1123A c=2060A c=2033A
in Escherichia coli strain BL21(DE3) and purified as B=93.9

previously describedb@). The soluble polypeptide includes  space group P2, P2,2:2, P2:2:2,
228 amino acid residues with a molecular weight of 25 000. P&JL;%S‘(&‘A')S 311 219 g 0
Native crystals were obtained by vapor Qn‘fusmn at room 0" ¢ chserved 31781 132605 545270
temperature (2022 °C). They grew as thin plates~Q.4 reflections

mm x ~0.5 mmx <0.02 mm) after 23 weeks in 1QuL no. of unique 19288 12384 34187
sitting drops equilibrated against 500 of reservoir solution. reflections

The drops were prepared by mixingc of protein [14 mg/ ~ comPleteness (%) - 90.1(56%) 99.0(99.9) ~ 95.9(97.6)

. . Reym 0.140 (0.249) 0.090 (0.286) 0.103 (0.314)
mL in 20 mM HEPES (pH 7.5)] and &L of reservoir - —
solution containing 0.2 M sodium acetate, 30% PEG 4000, Ref'”ememrgg\t/':t'cs complex
and 0.1 M sodium citrate buffer (pH 5.6) (the actual pH of ——
the reservoir solution was 6.5). The crystals belong to space L%S%ﬁff?egﬁ)onsre - 20) 139'%8 4 gé%g 4
groupP2; with unit cell dimensions = 50.3 A,b = 105.8 no. of atoms (non-H) 1722 3878
A, c=112.3 A, ang3 = 93.9, a tetramer in the asymmetric R 0.260 0.198
unit, and an estimated solvent content of 60%. The com- Rred _ 0.291 0.259
plex with the mercaptocarboxylate inhibitor, 2-[5-(1-tetra- rngﬁg'litr']ort‘hfsro(%'dea' 0.007 0.018
zolylmethyl)thien-3-yl]N-[2-(mercaptomethyl)-4-(phenylbu- bond ang?les (deg) 14 20
tyrylglycine)] (30, 53), was prepared by mixing equal averageB factors (&)
volumes of protein at a concentration of 14 mg/mL in 20 non-protein atoms - 44
mM HEPES (pH 7.5) and to which an excess of solid protein atoms 18 35

inhibitor had been added with reservoir solution [30% PEG ~ *The 3.19-3.10 A resolution shell? The 3.06-2.90 A resolution
2000 monomethy! ether, 0.1 M sodium acetate (pH 5.0), and shsII.CThe 2.072.00 A resolution shell? Ry was calculated with

0.2 M ammonium sulfate]. This mixture was incubated over- 10% of the reflections.

night at 4°C and centrifuged to remove precipitate before

setting up crystallization drops. Cocrystals were grown from These crystals were not single, and data collection required
6 uL sitting drops of the proteinreservoir solution and 0.3 ~a compromise between crystal-to-detector distance and
mL of the reservoir solution at either room temperature or 4 oscillation range to avoid excessive overlap of the reflections.

°C. Crystals of the complex belong to space gr&2p2:2; The data from the two crystals were integrated, merged, and
with unit cell dimensions = 50.0 A,b = 51.6 A, andc = scaled using DENZO/SCALEPACKSD) (Table 1).

205.6 A, and have two copies of the IMP-1 metallo  Structure Determination, Model Building, and Refinement.
f-lactamase-inhibitor complex in the asymmetric unit. The crystal structure of the native IMP-1 metaildactamase

Acquisition of X-ray Diffraction DataDiffraction data to from P. aeruginosawas determined by molecular replace-
3.1 A resolution were obtained at room temperature from a ment 66, 57) using reflections between 39¢# A resolution
single native crystal using a Siemens X-1000 multiwire area and a Patterson search radius of 20 A. The atomic coordinates
detector mounted on a Huber four-circle goniostat, and Cu of the metallos-lactamase fronB. fragilis (37) (PDB file
Ka radiation produced by a Siemens rotating anode generatorlZNB) were used as the search model after the metals,
operating at 49 kV and 100 mA. The crystals were somewhat solvent molecules, and atoms of residues that are not
sensitive to the X-rays, and within the first several hours of homologous were removed from the coordinate file. On the
data collection, the diffraction limit dropped from2.8 to basis of the aligned amino acid sequences, 34% of the
3.1 A. The reciprocal space was sampled at Digervals residues are identical in both enzym&3)( The solutions
around thaw and¢ axes, and the data were processed with obtained from the rotation search corresponding to the four
XDS (54) (Table 1). Two diffraction data sets were measured molecules in the asymmetric unit of the native crystal were
from crystals of the complex with the mercaptocarboxylate the top four peaks with heights of 5:5.60 (the next highest
inhibitor. The first set was measured at room temperature noise peak heights were 4.land 3.& and lower) at
from two crystals using a MAR image plate. The reciprocal (o4,81,71) = (76.4F, 113.93, 138.25), (0t2,02,y2) = (103.59,
space was sampled in 07&scillation steps aroungl These 66.07, 318.25), (03,0373 = (256.5F, 114.83, 138.5%),
data were used for the structure determination and initial and @u,(4,72) = (283.49, 65.17, 318.58). A Patterson
refinement. A second, higher-resolution set of data was correlation coefficient of 0.58 and a crystallograpRitactor
collected at the NSLS X-25 beamline (Brookhaven National (R = Z||Fo| — |F¢||/ZnFo|, where |Fo| and |F| are the
Laboratory, Upton, NY) from two flash-frozen crystals on a observed and calculated structure factor amplitudes, respec-
MAR345 detector using 1.100 A wavelength X-rays. The tively) of 0.48 were computed from the initial model that
crystals were cryoprotected by a brief exposure to the included the four molecules in the asymmetric unit. The
crystallization solution containing 20% glycerol. Data from structure of the complex was determined by molecular
the first crystal were collected in 0.76scillation steps, and  replacement using the partially refined native structure. The
data from the second crystal were collected in°Isteps. correlation coefficient and the crystallographit factor
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calculated from the initial model were 0.59 and 0.40, g
respectively. The program packages X-PL@RB)@nd CNS
(59) were used to refine the structures by rounds of simulated
annealing and positional refinement followed by manual
adjustment of the model with the aid of the interactive
computer graphics program @Q). In the absence of a
structure of the inhibitor, idealized versions of the molecule
and its stereocisomers were built in QUANTA and energy
minimized with CHARMM. The topology and parameter
files used in the refinement were generated from the
minimized structuresgl). As a check of the correctness of
the model structure, the stereoisomer that best fitted the
electron density corresponded to the conformation that gave
the highest inhibitory activity in the enzymatic assay. The
convergence of the refinement was monitored by the fit of
the polypeptide chain to the sigmaa-weighteg®, (63)
electron density maps calculated with coefficients,2 —
|Fc| and|Fo| — |Fc| and model phases, and by the value of
the crystallographid? factor andRyee (64). All diffraction
amplitudes to the limit of resolution were included with an
allowance for the estimated bulk solvent contribution to the
diffraction (65). Noncrystallographic symmetry restraints
were imposed throughout the refinement except in the final
rounds of refinement of the inhibitor complex in which the
two molecules were refined independently (Table 1).
Enzyme KineticsThe half-maximal inhibitory concentra-
tion, 1Cso, was calculated as the concentration of inhibitor
that caused a 50% reduction in the rate of hydrolysis of
p-lactam substrate nitrocefis§). The 1Go was determined
following a preincubation of enzyme and inhibitor at 37
in 25 mM PIPES buffer (pH 7.0) with final Zn(I1)S©£and
nitrocefin concentrations of 100 and 40M, respectively.

RESULTS

Structure of the IMP-1 Metallg-LactamaseThe crystal
structure of the native IMP-1 metalj@-lactamase fronP.
aeruginosawas determined by molecular replacement, and
the model was refined against data to 3.1 A. The tetramer
in the asymmetric unit has point group symmetry 222)( FIGURE 2: Secondary structure elements of the IMP-1 metallo
and each moromer ncludes residuess and 36-221.and £ seitnees o, seLIGReseT T Conmlen i 5 et
tv_vo Zn(ll) atoms. ReSIdues_l, 2_29’ and 222-228 are colored g)i)ld. The inhibitor is represented asgball-énd-stick model
dISOI‘del‘ed and not InC|uded N the f|na.| mOde| The CrySta|- (nitrogen' b|ue; Carbon, gray; Oxygen, red; and Su'fur' ye"ow) Zinc
lographicR factor is 0.26; theRee is 0.29, and the root-  ions are represented as magenta sph@2s74). (a) The mercap-
mean-square (rms) deviations from ideal bond lengths andtocarboxylate inhibitor is bound in the active site at one edge of
bond angles&7) are 0.007 A and 1% respectively (Table the centraB-sqndwmh. (b) View of the structure after a’d@tation
1). The structure of the complex between the IMP-1 metallo about the horizontal axis of the view in panel a.
p-lactamase fron®. aeruginosand the mercaptocarboxylate molecule A establish direct proteiprotein contacts with a
inhibitor was also determined by molecular replacement, and symmetry-related molecule, with only 12 residues in mol-
the model refined to 2.0 A resolution (Table 1 and Figure ecule B. Superposition of the-carbon atoms of the two
2). The model consists of two molecules in the asymmetric independent molecules in the asymmetric unit gives an rms
unit, A and B, related by a rotation of 168.6Violecule A difference of 0.5 A, with the largest differences being at both
includes residues4223, two Zn(ll) atoms, and one inhibitor;  termini (2.6 A difference) and between residues 22 and 31
molecule B includes residues-225, two Zn(ll) atoms, and (2.3 A difference). When the residues with the largest
an inhibitor. Residues 13 and 224 or 225-228 were differences are omitted, the resulting rms is 0.3. Residues
disordered and are not included in the final model that in 22—31 form two antiparallels-strand segments, and the
addition includes a total of 340 water molecules. The connecting turn is termed the flap. These residues participate
crystallographicR factor is 0.20; theRyee is 0.26, and the  in crystal lattice contacts between molecules A and B;
rms deviations from ideal bond lengths and bond an@l@s (  residues 2832 in molecule B contact residues-230 in
are 0.018 A and 29 respectively (Table 1). The averaBe molecule A such that the polypeptide chains are perpen-
factor is 27 & for molecule A and 43 Afor molecule B, a dicular to each other. Partly as a result of these interactions,
difference that may reflect the number of crystal lattice the flap in molecule A is positioned between the active site-
contacts in which each molecule participates; 27 residues inbound inhibitor and molecule B.
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Ficure 3: Binding of the mercaptocarboxylate inhibitor to the active site of the IMP-1 metdbatamase fronP. aeruginosa(a) Sigmaa-
weighted|F,| — |F.| electron density map contoured at thedll&vel using phases calculated from the model in which the inhibitor, metals,

and amino acid residues in the active site were omitf&l (b) The inhibitor bonds are colored dark gray. The sulfur atom of the inhibitor

that has displaced the bridging water bridges the zinc ions (magenta spheres). Trp28 is part of the closed flap and interacts with the
thiophene ring of the inhibitor. The phenyl group of the inhibitor is bound to the hydrophobic pocket formed by Phe51, Val25, and Val31.
Two water molecules (light-blue spheres) are bound to Asn167 and the carbonyl oxygen of the inhibitor. Dotted lines indicate polar interactions
(72—74).

The rms difference for the superposition of tearbon
atoms of the native and complex structures is 0.7 A with
the largest differences (3.5 A) at the termini and the flap
regions; when residues 4, 282, and 219 are omitted from
the comparison, the rms deviation is 0.4 A. In addition, the
side chain of Phe51 shows a large difference in the position S : i’\'f?s
of the phenyl ring between the native and the complex. A 0, i A 5
rotation of 100 about the @—Cf bond moves the phenyl 4 2 & i;;r;w
side chain away from the S1 hydrophobic pocket to provide @25
access to the inhibitor’s phenyl group which binds at this
site (Figures 3 and 6). The distance between the twd Zn
atoms in the active site is 3.6 A in the inhibitor complex
and 3.5 A in the native structure, a small difference well

within the experimental error considering that the bridging 'N @Wat68s
water in the native structure (not seen at the resolution of N167 " K 258

3.1 A, but presumed present) was replaced by the sulfur atom @261

of the inhibitor’s thiolate (Figures 3 and 4). As in all known Wat646 w28

crystal structures of metalig-lactamases, Asp48 has a Ficure 4: Diagram of interactions between the inhibitor and the
sterically strained main chain conformation in both the native metalloﬁllactamase7(6). Hydrogen bonds and electrostatic interac-

form and the complex with meafiandy angles of 81 and tions are shown as dashed lines with the respective interatomic
148, respectively. The carboxylate oxygen atoms of Asp48 distances quoted:; line segments radiating from the atoms indicate
in the IMP-1 metallg3-lactamase make hydrogen bond and/ van der Waals contacts with atom(s) in the labeled residues
or electrostatic interactions near the active site with Lys33 isntiggé’t‘igﬁd Cbgrb% r?%‘t:é%swe'ltrg rrggrsegéar‘]tt ;(:‘g‘é"btlgﬁkds';)ehcé'r%g.(z)fx%een
NZ (2.8 A) (Figure 7b). Other interactions of Asp48 are with nitrogen, and sulfur atoms are represented as spheres with decreas-
Ser82 OG (27 A), Ser76 OG (28 A), and Ser76 N (28 A) |ng shades of gray.

Binding of the Inhibitor.The mercaptocarboxylate inhibi-
tor, with a half-maximal inhibitory concentration for nitro- tion of metalloS-lactamase activity iS at C16 andD at
cefin hydrolysis of 90 nM, is bound in the active site of C27. Most of the interactions occur between the mercap-
IMP-1 through electrostatic and nonpolar interactions. The tomethyl phenylbutyryl glycine portion of the inhibitor and
stereochemical conformation that results in maximal inhibi- the metals and conserved residues in the active site (Figure
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a

Ficure 5: Molecular surface representatioi7] of the IMP-1
metalloS-lactamase inhibitor complex. In the complex, the flap is
closed over the mercaptocarboxylate inhibitor bound in the active
site. (a) Front view of the bound inhibitor and its interaction with
the Zr#™ (magenta) and the S1 hydrophobic pocket. (b) View from
the opening of the active site tunnel distal to the metal center with
the exposed tetrazole ring of the mercaptocarboxylate inhibitor.

4); the inhibitor’s thiolate bridges the two Zn atoms
replacing the shared water, and the inhibitor’s carboxyl group
interacts with the side chain of Lys161 (2.8 A) and the main
chain amide nitrogen of Asn167 (2.9 A). The carboxylate
oxygen of the inhibitor is located 3.6 A from Zn2, and has
displaced the apical water from Zn2 which in the complex
is coordinated to four ligands with a tetrahedral coordination
geometry (Table 2). In molecule A, the inhibitor’s carbonyl
oxygen interacts with Wat135 (2.7 A) and Wat160 (3.0 A),
and the latter also contacts Asn167 ND2 (2.8 A). The
carbonyl oxygen is exposed to solvent and oriented to
establish interactions with but is distant from zZn1 (5.0 A)
and Asn167 ND2 (4.1 A), both of which are proposed to
form the oxyanion hole37). Of the possible 675 Aof
solvent accessible area in the free inhibitor, only ik
exposed to solvent in the complex (Figure 5). Of these, 55
A2 corresponds to the tetrazole ring, and the remaining

Biochemistry, Vol. 39, No. 15, 20001293

with the native, unbound structure indicates that binding of
the inhibitor requires a rotation of 10@&bout the @—Cj
bond of Phe51 to provide access to the hydrophobic pocket.
In addition to or at the same time as this rotation, a
displacement of 2.9 A of the polypeptide at Val25 widens
the pocket, and causes the lateral movement of the flap
(Figure 6).

In the inhibitor complex, the flap is in the closed
conformation, and the side chain of Trp28 interacts edge-
to-face with the inhibitor’s thiophene ring. The two molecules
in the asymmetric unit provide slightly different views of
the flap that vary in the degree of closure due to crystal lattice
contacts. The conformation of the flap in molecule B is more
open; its residues, 2231, have higheB factors than in
molecule A (58 and 39 A respectively), and the-carbon
positions of Trp28 differ by 2.2 A between the two
molecules. The inhibitor also shows differences between the
two independent molecules. The inhibitor atoms bound to
molecules A and B superimpose with an rms deviation of
0.7 A with the largest differences between the thiophene and
tetrazole groups at S36 (1.4 A), C41 (1.5 A), N44 (1.1 A),
and N42 (1.4 A). When the atoms in these groups are ex-
cluded from the superposition, the mercaptomethyl phenyl-
butyryl glycine moiety superimposes with an rms deviation
of 0.2 A and binds in the same way to both molecules. Away
from the metal center is where the conformation of the
inhibitor differs most between the two molecules. In mole-
cule A, the thiophene ring penetrates deep into the active
site and is flanked by Val31 and Trp28 and with the N43 of
the tetrazole ring interacting with Gly164 (2.8 A). In
molecule B, the thiophene and tetrazole groups have swung
up, away from the active site floor and toward the flap. The
tetrazole is bound in alternate conformations related by a
rotation of 128 about the C35C37 bond, and stabilized
by contacts with residues Leu4, Glu24, Gly29, and Val30
of a neighboring molecule. There is no alternate conformation
in molecule A because the tetrazole ring movement is
prevented by the OE2 atom of Glu119 of the symmetry-
related molecule that interacts through a hydrogen bond with
Trp28 O (2.7 A).

DISCUSSION

The sequence of the IMP-1 metaffelactamase froni.
aeruginosds 17—37% identical with those of thB. fragilis,
B. cereusand L1j-lactamases, and its secondary structure
topology is characterized by a centfabandwich with two
o-helices on either side and a binuclear metal center located
at one edge of the sandwich (Figure 2). Pairwise superposi-
tion of thea-carbon atoms of the IMP-1 and tiie fragilis
(1ZNB) or the B. cereus(1BME) enzymes gives rms
deviations of 0.6 A for both. Except for differences in the
flexible flap, there are two other regions that are unique to
IMP-1. In the IMP-1 metallgs-lactamase structure, the first

pB-strand is absent, and the loop between residues 158 and

167 is three residues shorter in the IMP-1 than in Ehe
fragilis or B. cereusenzyme. The length of this loop affects
the position of the active site Lys161. The absence of three

exposed surface is contributed by the carbonyl oxygen (15 residues in IMP-1 immediately following Lys161 causes the

A?), c12 (11 &), C13 (15 &), and C19 (3 A).
The inhibitor's phenyl ring is bound in a hydrophobic
pocket formed by residues Glu23, Val25, Val31, Lys33, and

lysine NZ atom to lie 2.6-2.5 A closer to Zn2. This lysine
interacts with the carboxylate of the mercaptocarboxylate
inhibitor, and is conserved in all but th®. maltophilia

Pheb51, next to the flap and near the metal center. Comparisormetallo S-lactamases where it is a sering). Given the
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Ficure 6: Stereoview showing the conformational changes upon inhibitor binding. Superposition of the native, unbound IMP-1 structure
(red) and the mercaptocarboxylate complex (blu&®—74). The a-carbon atom trace and the side chains of Trp28, Phe51, Val25, and
Val31. When the inhibitor is bound, Phe51 rotates’l@&@und the @—Cp bond to give access to the incoming inhibitor, while Val25 and

Val31 are displaced by approximately 2.9 A compared to the native structure. The lateral movement of the flap widens the S1 hydrophobic
pocket. Flap residues G27, W28, and G29 (red dotted line) in the native structure are completely disordered.

a (’ Table 2: Zinc Ligands
Zn
Zn1 (tetrahedral) Zn2 (tetrahedral)
H77 NE2 2.2/2.4 D81 OD2 2.1/2.2
H79 ND1 2.212.2 C158 SG 2.3/2.4
H139 NE2 2.2/2.2 H197 NE2 2.3/2.4
s 2.2/2.4 s 2.4/2.6

a Distances to the metal, in angstroms, are quoted for both molecules
in the asymmetric unit? The average ligandmetal-ligand angles for
molecule A are 109for Znl and 109 for Zn2; for molecule B, the
angles are 109for Zn1 and 108 for Zn2.

tion of this particular conformation suggests that it is
important for the activity of the enzyme, and is consistent
with the results from the mutation of this aspartate to an
alanine which abolishes the enzymatic activity of e
fragilis enzyme 46). The network of interactions that Asp48
establishes near the active site appears to influence the
binding affinity of Zn2 depending on the residues with which
it interacts. In the IMP-1 enzyme, Asp48 OD interacts
electrostatically with Lys33 NZ (2.8 A); however, in tiie
fragilis enzyme, instead of a lysine it is a sodium ion (panels
a and b of Figure 7), and in the L1 enzyme, it is a water
molecule, Wat23, that is bound to the aspartate. The sodium
ion in theB. fragilis enzyme, the water molecule in the L1
enzyme, and the Lys33 NZ atom in the IMP-1 enzyme
occupy equivalent positions and interact with the aspartate.
These three metallg-lactamases, IMP-1B. fragilis, and
L1, have two high-affinity metal binding sites. However, in
the B. cereusenzyme, the equivalent aspartate interacts
FIGURE 7: Stereoview of the structures of the metaiidactamases  €lectrostatically with the side chain of an arginine from a
from P. aeruginosaB. fragilis, and B. cereusin the vicinity of different part of the structure (Figure 7c¢). The guanidino
@iﬁ? gg&zg- i((?r)1 |ngh¢i58- f2a89:|ri§ ;gi)tfgn\?vyittr?i a:gilritgt?hgtm%ﬁf group atoms of arginine located at position 91 lie close to
enzyme. (c) In theB(. )cereFl)JsmetaIIoﬁ-lactamaée, the aspartate _the binuclear metal_center,_4—.@._4 A from Zn2, and may
interacts with an arginine. interfere electrostatically with binding of the metal as has
been pointed out previousi37). The arginine is located in
similarities among the inhibitor and the substrates, the lysine the HXHXDR sequence motif in which the two histidine
or the serine may bind to the carboxylate of {fiactam residues coordinate Znl, and the aspartate coordinates Zn2.
substrate in a manner similar to that of the mercaptocar-In the B. fragilis or IMP-1 enzyme, a smaller cysteine

boxylate inhibitor. (Cys104, 1ZNB) or a serine (Ser82, 1DD6), respectively,
Asp48 and the equivalent aspartate residues inBhe replaces the arginine at that position and is distant from Zn2.
fragilis andB. cereusenzymes and the L1 enzyme fro®n In both theB. cereusstructure and théeromonagnzyme,

maltophiliahave strained main chain conformations, with ~ an arginine at this position is associated with a reduced
andy angles for theB. fragilis and B. cereusenzymes of affinity for the second metal binding site. The L1 enzyme
81° and 144 and 78 and 150, respectively, and andy with two high-affinity binding sites presents a different
angles of 68 and 157, respectively, for L1. The conserva- arrangement. In the L1 enzyme, which has a lower degree
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FiGurE 8: Stereoview showing the closed con
B. fragilis enzyme with a biphenyl tetrazole inhibitor (greer84), and theP. aeruginosalMP-1 metallo 3-lactamase with the
mercaptocarboxylate inhibitor (bluej2—74). Only the latter inhibitor is shown. The flexible polypeptide chain that forms the flap adopts
different conformations to accommodate the inhibitor bound depending on whether the S1 hydrophobic pocket is occupied, as in the IMP-1
complex with the mercaptocarboxylate inhibitor, or not, as inBhéragilis complexes.

Ficure 9: Stereoview of the mercaptocarboxylate inhibitor bound to the IMP-1 medddotamase active site (thin black lines and black
spheres) with the docked model of the substrate benzylpenicillin (thick gray line) superimposed such that the phenyl, carboxylate, and
carbonyl groups overlap. Also superimposed isBhé&agilis (1ZNB) active site residues (dashed lines) and metals and water ligands (light
gray spheres). The thiol and carboxylate groups of the inhibitor displaced the shared and apical waters, respectively. Since the binding of
the natural substrate is not constrained by the thiol group present in the inhibitor, the substrate’s carboxylate may become the fifth ligand
to Zn2.

of amino acid sequence identity and more structural differ- superimposed on the inhibitor such that the carbonyl and
ences with respect to the other metafldactamases, a  carboxylate groups of both molecules overlap (Figure 9). The
histidine (His89, 1SML) instead of the arginine serves as a inhibitor bound in the IMP1 complex resembles the binding
ligand to Zn2 89). mode of the substrate in the model and does not appear to
The metallg3-lactamases have a wide spectrum substrate be disturbed by the presence of the thiol group. The phenyl
specificity, with the exception of thAeromonasnzymes ring of the substrate fits into the hydrophobic pocket at the
which preferentially hydrolyze carbapenenis3 (29, 68). base of the flap; the carbonyl oxygen is oriented for
Metallo S-lactamases can bind and hydrolyze a variety of interaction with Asn167, and the carboxylate interacts with
substrates, differ in their metal requirement, and constitute Lys161 with displacement of the apical water coordinated
a structurally diverse family of proteins that present a to Zn2 in the native structures. In the inhibitor complex, the
challenging opportunity for the design of a wide-spectrum carbonyl oxygen is oriented for interactions with Znl (5.0
antibiotic. To understand which critical binding interactions A) and with Asn167 ND2 (4.1 A) in the oxyanion hol&7),
need to be established by a potent inhibitor, we have but these rather long distances may be attributed, in part, to
determined the crystal structure of a complex of the IMP-1 the presence of the thiol group in the inhibitor that fixes the
metallo f-lactamase fronP. aeruginosawith a mercapto- position of the carbonyl away from the oxyanion hole.
carboxylate inhibitor (Figures 2 and 3). The optimal stereo- However, it is conceivable that a relatively small displace-
chemistry for maximal inhibition of metall@-lactamase ment of the polypeptide chain in the vicinity of Asn167 could
activity and maximal selectivity against other metallo pro- bring the side chain closer to the carbonyl oxygen. In
teases such as angiotensin converting enzyme, ACE, wasaddition, the model of the docked substrate based on the
determined to be&s and D, at C16 and C27, respectively structure of the inhibitor complex implies that after the
(details of the chemistry and selectivity will be published nucleophilic attack on the carbonyl carbon and the subse-
elsewhere). This mercaptocarboxylate inhibits the IMB-1,  quent transition to a tetrahedral carbon3(kgbridization),
fragilis, and L1 enzymes with 1§ values between 100 and the distances and directionality of the interaction between
500 nM, being slightly less effective against the L1 enzyme, the (charged) oxygen atoms with Zn1 and Asn167 could be
presumably due to the unique structure of this enzyme asmore favorable. On the basis of the docked model, the
compared with the other metalfblactamases. To determine  substrate uses the same subset of interactions, as does the
the similarities between the mercaptocarboxylate inhibitor inhibitor. These three interactions appear to be critical for
andp-lactam substrates, we used the structure of the complexthe specific binding to metallg-lactamases.
as a three-dimensional template to manually dock in the The interaction of the inhibitor’'s carboxylate with Lys161
active site the substrate benzylpenicillin. Tféactam was highlights the importance of this residue for inhibitor binding
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and, possibly, for substrate binding. The proximity of the
carboxylate to Zn2 with displacement of the apical water
from the Zn2 ligand sphere shows, for the first time, the
transition of Zn2 from its native trigonal bipyramid geometry
to the tetrahedral coordination in the inhibitor complex
(Figure 3). In contrast to the inhibitor complex where the
position of the carboxylate is dictated by the presence of
the thiol group, it is possible that the carboxylate group of
the substrate does become the fifth ligand to Zn2 after
displacing the apical water. The potential transition from

Concha et al.

pocket near the flap is occupied by the inhibitor (Figure 8).
The MES @3) and the biphenyl tetrazole inhibito4) bind

in the active site, but neither has groups in the S1 pocket.
However, the phenyl group of the mercaptocarboxylate
inhibitor bound to the IMP-1 metallg-lactamase does
occupy the pocket. The position of Trp28 gauges the lateral
movement of the flap; for example, the position of the
a-carbon atom of Trp28 differs by 4.8 A between the
mercaptocarboxylatelMP-1 and theB. fragilis enzyme-
MES complexes, and by 6.5 A between the mercaptocar-

pentacoordinated to tetracoordinated could be importantboxylate-IMP-1 and the B. fragilis enzyme-biphenyl
during catalysis whether the apical water remains as a ligandtetrazole complexes. These differences are considerably

to Zn2 as part of the Michaelis comple&7), or whether

larger than the rms differences arcarbon atom superposi-

the apical water is displaced by the substrate and Zn2tion of ~0.6 A for pairwise comparisons, and it is not likely

provides electrostatic stabilization of the intermediai®),(

but from this model, it cannot be determined if the carboxyl

group of the substrate and the apical water bind simulta-
neously in the Michaelis complex or if the water molecule

is displaced.

Binding of the mercaptocarboxylate inhibitor to the active
site of the IMP-1 metallg3-lactamase triggers the change
in the conformation of the flap that leads to closure and
interaction with the inhibitor. Binding of the inhibitor requires
a rotation about the &—Cp bond of Phe51 (lle iB. fragilis
and Trp inB. cereu}, providing access to the hydrophobic
pocket. It also requires that the side chain of Val25 move
aside to make the pocket wider, which implies a lateral
movement of the flap (Figure 6). In the L1 enzyme structure,
where the S1 pocket is formed by residues Tyrll, Vall3,
Trpl7, Leu38, and Met56 (L1 residue numbering, 1SML),
it does not appear to be obvious that ligand binding in this
pocket could trigger a conformational change as in the IMP-1
or theB. fragilis enzyme. However, in the IMP-Amercap-
tocarboxylate complex, the closure of the flap entails
considerable movement of the polypeptide to bring the indole
of Trp28 closer to the active site so that it can interact with
the bound inhibitor. With the flap in the closed conformation,

to reflect differences in the flap’s amino acid sequences
betweerB. fragilis and IMP-1 enzymes either. There are 10
residues in the flap: five identical and four conservative
replacements; the only possible disrupting replacement is an
alanine for a glutamate. The aliphatic side chain of the
glutamate forms a side of the hydrophobic pocket and, from
its position, is not likely to alter or prevent the motion of
the flap.

The crystal structure of the IMP-1 metalflactamase
with a potent mercaptocarboxylate inhibitor presented here
represents a new mode of binding of a small molecule to a
metallo S-lactamase active site, and it shows the critical
binding interactions required for a potent inhibitor; it also
suggests a mode of substrate binding. The new IMP-1
metalloS-lactamase native structure presented here highlights
the structural diversity among this family of proteins.
Mercaptocarboxylates have been shown to inhibit IMP-1 and
therefore are of great potential in the protectiorfdactam
antibiotics against this resistance mechanism and for over-
coming bacterial infections caused by metglactamase-
producing organisms.
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